We propose a nano-structured suction system based on graphene sheets for water desalination processes.
Introduction
Membrane research based on carbon nanostructures, 1,2 has been helpful for the development of real separation systems based on these novel materials. 3, 4 Graphene-based membranes show uxes one order of magnitude higher than the polymeric membranes used in state-of-the-art reverse osmosis processes. 3, 5, 6 Signicant additional improvements can be obtained by increasing the density of pores (which in currently realized systems is z1 pore per 100 nm 2 ) 3 to approach the physical limit on the order of 1 pore for a few nm 2 ; the technology to build such new materials is currently under development. 7 It is expected that clean graphene surfaces will not be degraded by the presence of ozone or chlorine, so that most fouling and scaling problems will be avoided. 7 Molecular simulations are a useful tool to examine molecular-level properties at aqueous interfaces. [8] [9] [10] [11] Simulations mimicking the desalination processes have been employed to model desalination using graphene and carbon nanotube membranes, and high-pressure gradients, mimicking reverse osmosis processes. 8, 12, 13 Striolo and collaborators have employed graphene membranes to study the free energy barrier to cross graphene membranes through pores in pristine graphene, and they found that pores with effective diameters z0.5 nm effectively block dissolved ions. They also functionalized the pores, and found that the functionalized pores block ions at the cost of a larger free energy barrier for the water molecules. 6 Cohen-Tanugi and Grossman have employed high pressure gradients (100-200 MPa) to reproduce the reverse osmosis process, and they also found that narrow membranes effectively reject the ions dissolved in the saline solution, and wider pores functionalized with hydroxyl groups promote water ux through the membrane, reaching uxes up to three orders of magnitude higher than conventional reverse osmosis membranes. 12 Desalination simulations using zwitterion functionalized carbon nanotube/polyamide nanocomposite membranes with a high-density of surface pores also found high uxes and high salt rejection (through steric effects) at a pressure difference of 3.65 MPa.
14 Drawing molecules across membranes is a non-stop process in biological systems, which use specialized nano-machinery to drag, instead of push, molecules and micelles across the membrane.
15 Such nano-machinery uses motor proteins, including kinesin, 16 myosin, 17 and dynein, 18 and efforts to produce synthetic molecular motors attempt to reproduce and control the dragging transport capabilities of biological machinery.
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In this work, we examine an alternative approach to desalination, in which molecules are dragged across a membrane by osmotic forces, rather than forced through pores by gradients of pressure exerted on the saline uid. Specically, we examine the possibility of controlling the desalination of water through a "nano-syringe" consisting of a graphene membrane and a second graphene wall acting as a plunger. In this approach, one expects the driving force is a "vacuum effect" provided by the movement of the plunger. We show that, over a range of plunger speeds, the nano-syringe can achieve desalination ux rates on the order of those obtained via pressurize-driven ows, but with low-energy consumption.
Methods
We perform the simulations at the ambient temperature of 300 K using the Nose-Hoover algorithm, implemented in the LAMMPS package 20 with a time step of 1 fs. We simulate the systems at constant temperature rather than constant energy, because the nanostructures that form the nano-syringes are rigid, and they dissipate heat and momentum as in real systems. We employ up to 300 ns to simulate the desalination processes in non-equilibrium processes at the plunger speed of 0.5 cm s À1 . We also simulate systems in equilibrium (the position of the plunger is xed) to investigate up to how many water molecules can saturate the chamber of the nano-syringe at some points in the dynamic processes of desalination, and for these simulations we employ 1 ns for equilibration, and 10 ns for properties calculation. We use the SPC/E force eld to simulate the water molecules, which uses spherical cutoffs for Lennard-Jones and coulombic interactions (10Å). 21 The SPC/E force eld reproduces equilibrium interfacial properties of pure water, [22] [23] [24] and mixtures with non-polar molecules in vapor-liquid equilibrium.
11,25,26
Conned water shows slow dynamics, 2,27 similar to their behavior in the region of supercooled water, where the SPC/E model also reproduces the surface tension.
28 Water-ion interactions also include Lennard-Jones and coulombic interactions, and they are optimized for simulations with the SPC/E model of water. 29, 30 Corrections due to long-range electrostatic interactions were calculated using the particle-particle particle-mesh Ewald (PPPME) summation technique. 31 Carbon atoms in the graphene membrane and plunger form rigid walls with averaged forces (constant speed) in our simulations, and the interaction expression of Lennard-Jones has been used to predict successfully the packing structures in graphite and fullerenes C 60 and C 70 , 32, 33 as well as the mechanical properties of carbon nanotubes. 34, 35 We simulate the water-graphene and ions-graphene interactions using the Lorentz-Berthelot mixing rules. To test the effects of exibility on our ndings, we also simulate exible graphene walls using an intramolecular potential that includes bond, valence, dihedral and improper angles, which previously has been used to simulate water between exible graphene sheets.
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Results and discussion
We employ the molecular dynamics methodology to simulate the process of desalination using a nanostructured system based on membranes made of graphene walls containing surface pores. Simulation details are provided in the Methods section. The system replicates the behavior of a "nano-syringe" (Fig. 1) , which moves the uid through the membrane, ltering the saline solution using pores of small diameter created on the graphene surface. The system employs another graphene wall, which has the function of a plunger that expands a chamber to contain the desalinated uid. A similar nano-syringe system using carbon nanotube pores instead of graphene pores has been studied previously to simulate the rapid transport of water in nanotube-based membranes. 2 The drag forces that pull the water molecules from the saline solution into the slit pore chamber are capillary forces, and they result from the movement of the plunger. The pores in the slit and graphene pores are connected, and they form an attractive zone for the water molecules from the saline solution, located in the open part of the membrane. The driving force that carries out the desalination of the saline solution is always present because, when the chamber saturates with newly desalinated water molecules, the plunger moves to create more unsaturated space inside the chamber. During the transfer of water molecules to the chamber, there is a continuous formation/breaking of hydrogen bonds between the two uids at the membrane pore, as can be seen in the movie of the desalination process provided in the ESI. † The studied systems contain saline solutions of sodium and chlorine with average concentrations close to that present in the seawater (z35 g L À1 ), corresponding to z51 water molecules for each Na-Cl ion pair. The graphene membrane uses an effective pore diameter of 0.5 nm, which (by periodic boundary conditions in the membrane plane) repeats periodically over the surface of graphene, yielding a density of 0.238 pores per nm 2 , or one pore by each 4.2 nm 2 . The area of the simulation cell parallel to the graphene walls is similar to that used in previous studies of membranes constructed from graphene and carbon nanotubes, 2, 6, 7, 12 and is large enough to contain a system of water molecules that nearly reproduces the behavior of bulk liquid water away from the interfaces.
2
Before we begin the process of desalination, the chamber of the nano-syringe must be lled with a monolayer of water molecules (Fig. 1) . Filling of the chamber with pure water molecules prior to desalination is necessary because the saline systems are more cohesive than systems with pure water molecules, and thus water molecules in a saline solution will not spontaneously ll the chamber. However, the lling process does occur spontaneously when we put the membrane in contact with a layer of molecules of pure water located in the open space of the graphene membrane, and we set the separation between the membrane and the plunger large enough to accommodate a monolayer of water molecules.
2 Thus, to prell the system, we start with pure water in the open part of the membrane, and then introduce the saline solution to the open part of the membrane aer the chamber has been prelled. We allow the salinated and pre-lled system to equilibrate for 10 ns, aer which the plunger starts to move at constant speed to create the unsaturated space and pull water molecules from the saline solution to the chamber.
The performance of the system as a desalination system was quantied by tracking the number of water molecules transferred from the saline solution to the desalination chamber. Fig. 2 shows the number of transferred water molecules at plunger speeds of plunger from 0.5 to 20 cm s À1 . The number of desalinated water molecules shows the expected behavior, as we increase the speed at which the plunger moves, the time needed to desalinate the water molecules decreases. Note that not all water molecules are desalinated because we cannot fully desolvate the ions remaining in the open part of the membrane. Accordingly, roughly 90% (184 of 204) water molecules are transferred to the desalinated chamber at plunger speeds equal or slower than 5 cm s À1 . At higher plunger speeds, the fraction of desalinated molecules is reduced. When the plunger moves at a speed of 10 cm s À1 , only 70% of the molecules are desalinated, and when the plunger moves to a speed of 20 cm s À1 only a small fraction of water molecules is desalinated (not drawn in Fig. 2 ). The reduced efficacy of desalination at higher plunger speeds is a result of the loss of cohesion of some water molecules with the plunger wall (cavitation). The desalination at lower speeds is characterized by three regimes. Fig. 2 qualitatively shows these regimes are characterized by different slopes (desalination ux), which is most apparent at speeds below 2.5 cm s À1 . As we shall show, the rst regime is the gradual expansion of the prelled monolayer (small slope), followed by the rapid formation (large slope) of a second monolayer beyond a threshold plunger gap. The last and most prolonged regime is the steady lling of molecules in the chamber between the two interfacial layers of water. It is also worth noting that the slower proles show pronounced dips, which demonstrates that small amounts of water molecules return for short periods of time. In other words, the desalination process at the molecular scale is subject to signicant uctuations, as one might expect at equilibrium. During these short periods, the saline solution on the open side of the membrane reorganizes and is more cohesive than the conned system, attracting some desalinated water molecules from the chamber, but the continuous movement of the plunger creates more unsaturated space and ultimately generates stronger capillary forces, causing more water molecules to be desalinated.
We next show that the desalination process at plunger speeds #5 cm s À1 corresponds to a quasi-static equilibrium process, while at speeds $10 cm s À1 the desalination is a nonequilibrium process, and thus becomes less effective. To demonstrate this, we consider the number of desalinated water molecules inside the chamber (including the 47 water molecules prelling the chamber before the desalination process) as a function of the separation between the walls of graphene that form the membrane and the plunger (free space), which delimit the chamber. The separation between the walls of graphene is directly proportional to the free volume inside the chamber because the cross-sectional area is xed. In Fig. 3 , we show three proles of the number of desalinated water molecules inside the chamber as a function of the separation between the wall of the membrane (free space) and the plunger for the system with initially 204 water molecules and 4 Na-Cl ion pairs, at speeds of 0.5, 1.0, and 5.0 cm s À1 at 300 K. To relate these proles to equilibrium, we also simulate equilibrium systems with a xed plunger separation. The initial conformations for the equilibrium simulations are taken from the dynamic system with the plunger moving at a speed of 1.0 cm s À1 , which we allow to equilibrate for 1 ns, followed by 10 ns of data collection. The properties appear invariant over this 10 ns "production" run. Fig. 3 shows that the prole of the number of desalinated water molecules at the plunger speeds #1.0 cm s À1 all collapse to the same equilibrium master curve for the number of molecules in the chamber. Thus, below a threshold plunger speed the system desalination occurs via equilibrium process, which thus minimizes free energy. The comparison to the equilibrium data also clearly distinguish the three distinct regimes of the desalination process. At the low plunger speeds where we have a quasi-equilibrium process, the rst regime arises from the beginning until the systems reaches a separation of $5.2Å and is characterized by a nearly zero-desalination rate. Between 5.2 and 6Å a second regime is present, characterized by a large desalination rate, and the last regime occurs from 6Å onwards, characterized by a moderate desalination rate. At larger speeds when the process is non-equilibrium, these regimes become less distinguishable. The three regimes are still apparent at a plunger speed of 5.0 cm s À1 , with the main difference that the second regime shows a smaller desalination rate than the rate observed using a plunger speed of 1.0 cm s À1 . As we increase the plunger speed, those regimes fade until they disappear when the plunger speed reaches 10 cm s À1 , which has a nearly linear behavior. The nal desalination regime exhibits a monotonic increase of desalinated molecules, accompanied by occasional uctuations, as molecules from the chamber ow back to the solution, with "setbacks" of up to 12 water molecules in a period of 0.5 ns for the prole at a plunger speed of 5 cm s À1 , and up to 9 water molecules in a period of 0.2 ns for the prole at a speed plunger of 1 cm s À1 . The "setbacks" are also observed in the equilibrium simulations, and are the result of natural uctuations that make one of the phases in equilibrium transiently more cohesive. 2 For the plunger speed of 0.5 cm s À1 , there is a periodic "setback" of molecules along the prole due to the slow movement of the plunger, similar to the behavior of the equilibrium simulations. Snapshots of the conformations at several separations provide a qualitative view of the desalination process. We show conformations in key points of the system in Fig. 4 , which correspond to separations (free space) of 3.4, 4.8, 6.0, and 11.8Å in the prole of Fig. 3 at a plunger speed of 1.0 cm s À1 . At a separation of 3.4Å, the prelled water forms a monolayer of molecules inside the chamber. As we increase the separation inside the chamber, molecules prefer being close to one of the two walls for short times. At a separation of 6.0Å, two distinct interfacial monolayers of water molecules form, which adsorb preferentially on each wall of the chamber. At larger separations than 6Å, additional water molecules coming from the open part of the membrane are no longer located in the adsorbed monolayers, but in a third layer between the two adsorbed monolayers, which gets progressively thicker as we increase the separations between the walls of the chamber. The lling behavior of the chamber can be quantied by the water density proles in the chamber along the axis perpendicular to the graphene surfaces forming the desalination system. These density proles demonstrate the nature of the three regimes of desalination at equilibrium. To obtain the density proles, we calculate the mean density of the equilibrium simulations in slabs of thickness 0.01 nm along the axis of the separation between the walls. Density proles were calculated for the characteristic separations of 3.4, 4.8, 6.0, and 11.8 A, the same separations used in the snapshots of Fig. 4 . These proles are displayed along the curve of number of molecules at equilibrium in Fig. 5 . The rst regime is bounded by the density proles at 3.4 and 4.8Å. At the separation of 3.4Å, the formation of a single-monolayer of water molecules inside the chamber is clearly observed, which is reected by the density prole with a single peak with density 4.7 g cm À3 within the chamber; this high density (compared to bulk water) is due to the effects of connement within the two walls of graphene.
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At a separation of 4.8Å, the monolayer begins to divide into two layers with peaks of density of 1.7 g cm À3 . The second regime, up to 6Å, involves the formation of a second interfacial monolayer. As we increase the separation between the walls, the system is divided into two well-dened peaks with a density of z4 g cm À3 (at 6Å of separation). Beyond 6Å, the third and nal regime, additional water molecules accumulate in an increasingly bulk-like lm formed between the two monolayers adsorbed on the graphene surfaces. This central region has density value at a separation of 11.8Å similar to that observed in bulk liquid water at 300 K, z1 g cm À3 .
Current experimental devices utilizing nanotubes or graphene have a somewhat lower pore density in the range of z1 pore per 100 nm.
24 Therefore, we study the effect of the pore density on our simulated desalination. We consider systems with pore densities of one half and one fourth of the original value studied (0.2381 pores per nm 2 ), using the same effective diameter of pore. The pore density using these systems are 0.1191 and 0.0595 pores per nm 2 , respectively (Fig. 6) . We study plunger speeds of 1.0 and 5.0 cm s À1 , below and above the threshold plunger speed for equilibrium desalination in our initial study. Note that for the same plunger speed, the rate of increase in the chamber size (per pore) increases as we decrease the pore density. For the smallest pore density (0.0595 pore/ nm 2 ), the desalination process fails aer the system desalinates only a few water molecules. The failure occurs because, as very low pore density, the pace water molecules are entering through the pore cannot keep up with the increase in unsaturated spaces, leading to cavitation. For the case where we reduce the pore density by half, the dragging system successfully desalinates the system, as shown in Fig. 7 . If we compare the original system to the system having half the pore density, we nd that the half-density system at a plunger speed of 5.0 cm s À1 shows a desalination prole nearly as linear as the one observed in the single-area system, but the rate of desalination is more than double the value of the original system (2.32), probably due to the larger voids generated in the half-density system, which in turn generates stronger capillary forces. Clearly this is a nonequilibrium process. The desalination prole of the halfdensity system at a plunger speed of 1.0 cm s À1 shows the three-regime prole seen in the single-area system, and at 50 ns of the desalination run, the desalination rate of the half-density system is double the value of the original system, probably reecting that these systems run through equilibrium states, since the plunger speed is slow enough that the desalinated water readily lls the chamber.
To combine the effects of the plunger speed and the pore density, we show the average ux of desalinated water molecules in Fig. 8 for each system that did not fail at the beginning of the desalination process. The data show that, in the quasiequilibrium regime, the ux is a simple function of the plunger speed. Thus, ux of desalinated molecules can be tuned equally well by modulating the pore density or plunger speed, allowing for exibility within experimental design constraints. Taking into account the pore density, we obtain uxes between 0.14 and 2.57 molecules per nm 2 per ns for speeds between 0.5 and 10 cm s À1 . These uxes represent $1/5 of the ux obtained in studies using molecular dynamics simulations of the transport of pure water molecules across carbon nanotube membranes using high pressure gradients (100 MPa). 13 Since the ux is smaller than high pressure desalination, we need to consider other potentially important aspects of the plunger system.
To better illustrate the practical value of this desalination approach, we calculate the work done to move the plunger at constant speed. We calculate the mechanical work (W) done to move the plunger at constant speed: . Fig. 6 Snapshot of the dragging desalination with a pore density of 0.1191 pores per nm 2 at 300 K. The nano-syringe chamber contains desalinated water molecules. The carbon atoms are represented by the gray spheres; water molecules are represented by the red (oxygen) and white (hydrogen) spheres; sodium atoms are shown by green spheres, and chlorine atoms by purple spheres.
where F z,i represents the instantaneous force added or subtracted to the plunger to keep the plunger at constant speed. z 0 and z 1 are the initial and last position of the plunger. We show the work proles as a function of the free-space separation in Fig. 9 . In the rst regime, when we expand the monolayer, the work for all systems is nearly identical. In the second regime (from z5 to 7Å), the desalination of water molecules to form the double-layer inside the chamber requires no additional work (plunger speeds of 1.0-5.0 cm s À1 ) or is negative (plunger speed of 0.5 cm s À1 ), which means the system is pushing the plunger, probably the result of the initial impulse that we impose on the system when we pull the plunger in the previous step. In the third regime (beyond 6Å), the work shows a more or less linear behavior, meaning that we need to add the same amount of work to desalinate additional water molecules. For the largest plunger speed (where the desalination is highly nonequilibrium), the growth of the work is linear at all distances beyond z5Å.
The more important question is the total work needed to complete desalination. We compare the average work done on the plunger to desalinate almost all water molecules ($180) as a function of the plunger speed in Fig. 10 . The plot shows that the average work grows like cube-root of plunger speed.
Since we wish to minimize the amount of work needed for desalination, we can devise a procedure based on the behavior of the work during desalination. In the rst cycle, the system desalinates water from the point where there is only one monolayer of water to the point where we desalinate the whole 180 water molecules. At the beginning (rst step), we need work to be done on the plunger to reach the verge of the formation of the second monolayer, which needs z1.07 Â 10 À19 J of total work to desalinate 47 water molecules (z1.37 kJ mol À1 ), and is essentially independent of plunger speed (Fig. 9 ). From this point (second step), we can assume that if the system moves at a very low speed, or if the system is allowed to equilibrate, the system will push the plunger to a separation where the two monolayers are stable. The work done by the system on the plunger in the second step, can be stored through a mechanism to be later employed in the rst step in a following cycle, therefore, the system will desalinate water molecules to form a second monolayer at the cost of no work, or a minimum work due to irreversibility. From this point, all desalinated molecules require the same amount of work, and that work will depend on the plunger speed. To reach energy consumptions as the stateof-the-art reverse osmosis, the work should be between 3 and 6 kW h m À3 for the desalination of the 180 water molecules.
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Fig . 9 Total work as a function of the free-space separation of the plunger from the membrane for the saline system with initially 204 water molecules and their correspondent ion pairs, at plunger speeds of 0.005, 0.010, 0.025, 0.050, and 0.100 nm ns À1 and 300 K. which means that the plunger should move between 0.020 and 0.152 cm s À1 (Fig. 10) . Below this range of plunger speeds, the dragging desalination will require less work than state-of-theart reverse osmosis. 39, 40 At the plunger speed of 0.020 cm s À1 , the ux rate is $0.05 molecules per ns (Fig. 8) , which for 1 m 2 of membrane, will produce $30 m 3 of desalinated water per day at an energy consumption of 3 kW h m À3 .
A second cycle will start from the already formed second monolayer, and any water desalination will consume the same amount of work. Fig. 11 shows the average consumption work per molecule in this step as a function of the plunger speed. The only plunger speed that does not follow the linear behavior is the value at the speed of 10.0 cm s À1 , which reects the fact that for this speed, the desalination stops at $145 molecules (Fig. 2) . The rest of the values follow a linear behavior, and the extrapolation at a plunger speed of 0 cm s À1 reaches a minimum value of 0.74 J per molecule, which represent a consumption of z6.9 kW h m À3 , which falls into the range of values of state-of-the-art reverse osmosis, but no improvement can be made since it represents the minimum work possible for this cycle. The two cycles will nish when water is expulsed from the connement and the system returns to the start stage, in which the chamber contains only one or two monolayers of water, depending on the cycle used.
We consider the effect of exibility of the graphene 41 using two exible membranes with pore diameters of 5 and 7Å at 10 cm s À1 (Fig. 12 ). In the ESI, † we provide animations of the desalination processes using these 2 membranes. The exible membrane with pore diameter of 5Å fails to desalinate water due to "dangling" carbons, which prevent water molecules from forming hydrogen bonds across the membrane. Thus, we consider a membrane with a larger pore diameter of 7Å. The larger pore diameter also has "dangling" carbons, but due to the large diameter the uctuations of the carbons do not preclude the formation of hydrogen bonds across the membrane, and water molecules readily traverse the membrane. The desalination process for the larger pore, Fig. 12 Lateral snapshot of the dragging desalination with a pore density of 0.1191 pores per nm 2 at 300 K, using a flexible pore diameter of 5Å after 10 ns at 10 cm s À1 (top left). Frontal snapshot of the flexible membrane using a flexible pore diameter of 5Å (top right). Lateral snapshot of the dragging desalination with a pore density of 0.1191 pores per nm 2 at 300 K, using a flexible pore diameter of 7Å after 12 ns at 10 cm s
À1
(bottom left). Frontal snapshot of the flexible membrane using a flexible pore diameter of 7Å (bottom right). The carbon atoms are represented by the gray spheres; water molecules are represented by the red (oxygen) and white (hydrogen) spheres; sodium atoms are shown by green spheres, and chlorine atoms by purple spheres. exible membrane proceeds with a behavior very similar to that of the rigid membrane with pore diameter of 5Å (Fig. 13 ). An additional desalination simulation using the rigid membrane and pore diameter of 7Å produce a slightly faster desalination rate. In short, the desalination process in the exible case behaves very similar to a rigid membrane with slightly smaller pore diameter. The work done by the membranes with larger pores is lower than the work done by the rigid smaller pore, no matter if the membrane is rigid or exible (Fig. 13) . The total work done by the exible membrane is lower than the work done by the rigid membrane to desalinate 204 water molecules. The main contribution to this difference is the work done to create the second layer of waters, which in the rigid membrane is higher because water molecules maintain a rather specic organization relative to the rigid graphene, making it more difficult to transform to a double layer system. In the exible membrane, distortions of the graphene sheet allow the initial water layer to more readily reorganize and accommodate molecules to form a double layer of waters. Beyond the second monolayer of water, both systems, exible or rigid, consume to the same amount of work to desalinate the same amount of water molecules, which indicates the water-water interactions and cohesion dominates the desalination processes, so that the interactions with the walls have little effect. The larger pore uses a work of $8 kW h m À3 for cycles starting at separations of 6Å, which is very close to the maximum work done by reverse osmosis membranes.
Conclusions
Molecular dynamics simulations show that desalination using dragging forces created by a graphene layers should be possible with low energy consumption. The nanostructured system designed to carry out the desalination process consists of two surfaces of graphene that function as membrane and plunger. The system reects the setup of a nano-syringe, which is repeated in a two-dimensional array, producing a surface with a pore concentration of 1 pore by $4.2 nm 2 . Prior to the desalination process, the chamber of the nano-syringe needs to be pre-lled and saturated with water molecules to begin the process of desalination, due to the lower cohesive strength of pure water. Inside the chamber, the uid with desalinated water underwent several transformations, which can be grouped in 3 regimes, which for the rst two correspond to the formation of one, and two monolayers adsorbed to the walls of the chamber.
In the third regime, a water lm forms between the two monolayers, and when the layer is wide enough it reaches average densities as those present in bulk liquid water. Saline systems were desalinated to the point where only a few molecules of water solvating the ions were le in the open part of the membrane. During the process of desalination, the plunger moves to create an unsaturated phase inside the chamber, and generate dragging forces, which promotes, and drives desalination. A signicant amount of water molecules is desalinated at the studied plunger speeds (0.5-10 cm s
À1
). It is expected that for plunger speeds slower than 0.5 cm s À1 , we can also carry out the desalination although these plunger speeds were not studied because of computing time constraints. For plunger speeds below z1 cm s À1 , the desalination proceeds as a quasi-equilibrium process, which naturally minimizes the necessary work to perform desalination. The work done to move the plunger wall shows that the energy consumptions for this desalination process (when the plunger moves at speeds between 0.020 and 0.152 cm s À1 ) is similar to that of state-of-the-art reverse osmosis processes. At the plunger speed of 0.020 cm s À1 , the proposed systems would theoretically require an energy of 3 kW h m À3 , and generate z30 m 3 of desalinated water per day for a 1 m 2 membrane.
More energy is required to move the water out of the conne-ment, and to maintain the system under isothermal operation, but it is expected that the main energy consumption will be the desalination. If the system works at lower plunger speeds, it will be energetically more efficient, but at the cost of lower desalination rates. Decreasing the pore density by one half increases the desalination rate more than double, indicating that the movement of the plunger generates larger unsaturated spaces (larger impulse) that attract more strongly the water molecules in the saline solution. On the other hand, the lower pore density limits the speed at which the plunger can be moved before the desalination fails. Any design must be a compromise between pore density and plunger speed.
The exibility of the graphene membrane allows carbon atoms at the pore edge to move back and forth. For a small pore Fig. 13 Profiles of number of desalinated water molecules (top) using the dragging desalination system with 204 water molecules at 300 K, and plunger speed of 10.0 cm s À1 using rigid membranes with pore diameters of 5Å (black), and 7Å (blue), and a flexible membrane with pore diameter of 7Å (red). Total work as a function of the free-space separation of the plunger (bottom) for the same systems as those shown in the top figure. diameter of 5Å, this exibility precludes water hydrogen bonding across the membrane, and thus desalination fails. For a pore diameter of 7Å, the desalination proceeds in the same fashion as rigid membranes with pore diameters of 5Å. For pore diameters of 7Å, the exibility does not affect the rate of desalination, and the energy consumed is the same when desalinations occur aer the formation of the second water monolayer. The ndings of this study illustrate the potential promise of the proposed desalination method, as well as fundamental design principles that must be considered.
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